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a  b  s  t  r  a  c  t
Graphite  intercalation  compounds  (GIC)  can be  used  as  adsorbents  for the  removal  of dissolved  organic
contaminants  in water,  and can  be rapidly  regenerated  by  electrochemical  treatment.  After electrochem-
ical  regeneration,  the  adsorption  capacity  of  the  GIC  is  often  observed  to  increase  compared  to  fresh
adsorbent.  This  increase  has  been  attributed  to  roughening  of  the surface  as  well  as  changes  in surface
chemistry.  Speciﬁc  surface  areas  of  fresh  and  electrochemically  treated  GICs  have  been  measured,  and
show no signiﬁcant  variation.  Consequently,  the electrochemical  anodic  oxidation  process  used  to  regen-
erate  the  material  has  been  investigated,  and  these  changes,  speciﬁcally  the transformation  of  the  oxygen
containing  functional  groups  which  is believed  to give  the  GIC its  surface  chemistry  properties,  has  been
measured  and  studied.  Analytical  techniques  including  Scanning  Electron  Microscopy,  Attenuated  Total
Reﬂectance  Fourier  Transform  Infra-red  spectroscopy,  X-ray  Photoelectron  spectroscopy,  Energy  Disper-
sive X-ray  spectroscopy  and  Boehm  titrations  were  used  to detect  and  estimate  the  relative  amounts  of
functionalities  such  as  carboxylic,  quinone  and  lactonic  functional  groups.  Results  showed  that  fresh  GICs
have  acidic  quinone  and  carboxyl  groups  on  the  surface.  These  functional  groups  increase  upon  regener-
ation,  however  sustained  regeneration  leads  to the  formation  of basic  lactones  which  offset  the relative
amounts  of the acidic  groups.  Acidic  functional  groups  have  been  reported  to  increase  adsorption,  and
consequently,  there  is  an  initial  increase  in adsorption  due  to surface  acidic  functionalities.  Subsequent
regeneration  leads  to  the  formation  of  basic  functional  groups  which  limit this  enhanced  adsorption.
ublis© 2014  The  Authors.  P
. Introduction
Adsorption has become one of the most favoured technologies
or wastewater treatment, and signiﬁcant research is on-going to
nd an alternative to the more conventional granular activated
arbon (GAC) adsorption systems [1,2]. One alternative that has
een studied is the combination of a continuous adsorption and
lectrochemical regeneration process using a non-porous, electri-
ally conductive graphite intercalation compound (GIC) adsorbent.
lthough this material has signiﬁcantly less surface area (approx-
mately 1 m2 g−1) than activated carbon (which has surface areas
f 600–1200 m2 g−1), it promises a more environmentally and eco-
omically feasible option to activated carbon systems because GICs
an be regenerated in-situ every hour, so its surface area is avail-
ble again, unlike GAC which is usually used only once before
eing removed for off-site regeneration. It has been calculated that
∗ Corresponding author.
E-mail address: stuart.holmes@manchester.ac.uk (S.M. Holmes).
ttp://dx.doi.org/10.1016/j.electacta.2014.05.063
013-4686/© 2014 The Authors. Published by Elsevier Ltd. This is an open access article unhed  by Elsevier  Ltd.  This  is an  open  access  article  under  the  CC  BY-NC-ND
license  (http://creativecommons.org/licenses/by-nc-nd/3.0/).
over an 18-day operation, there is more surface area available for
adsorption with GIC than GAC [3]. The non-porous nature of the
GIC adsorbent ensures rapid kinetics, with adsorption equilibrium
reached in about 45 minutes due to the lack of diffusion into pores
which is the rate limiting factor for porous activated carbon.
GICs are a type of modiﬁed graphite compounds that have
molecules intercalated between the graphene sheets in the
graphite lattice. These intercalates, which could be cationic or
anionic generally, impart new or enhance already existing prop-
erties such as catalysis, electrical conductivity and adsorptive
properties [4,5]. Surface chemistry has a signiﬁcant impact on
adsorption [6,7] and it is well documented that electrochemical
treatment can affect surface chemistry [8]. The GIC used in this
work shall be referred to its tradename, NyexTM.
Adsorption capacity of this particular GIC has been observed
to initially increase with electrochemical regeneration, before
decreasing, and this work aims to explain how this is affected by
changes in adsorbent surface functionality. Possible explanations
for this include the generation of more surface area due to mate-
rial degradation (which exposes more surfaces), and/or formation
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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cFig. 1. SEM image of the GIC adsorbent used in this study, NyexTM 1000.
f more active sites due to the decomposition of acidic oxygen con-
aining functional groups (OCFG). Many authors have reported the
ecomposition of acidic oxygen containing functional groups as
ne key mechanism for the formation of new active sites along
he edges of graphene due to unshared electron pairs [9,10]. It is
lso widely acknowledged that adsorption of organic molecules,
specially those with functional groups, is strongly affected by
he the adsorbent’s surface chemistry [11,12]. This work tests this
ypothesis, and explores the relationship between changes in sur-
ace chemistry of electrochemically oxidised GICs and the enhanced
dsorptive performance for the removal of organic contaminants.
. Experimental Procedure
.1. Materials
The GIC used in this work was GIC-bisulphate, and was  supplied
y Arvia Technology Ltd, UK as NyexTM 1000, a non-porous lab-
ratory grade material with no internal surface area (conﬁrmed
y a combination of mercury porosimetry, helium pycnometry
nd nitrogen adsorption techniques). A GIC was  used in this work
ecause the higher charge carrier intercalates offer increased elec-
rical conductivity. It has a mean particle size of 500 microns,
article density of 2.2 g cm−3, a measured surface area of 1.2 m2 g−1,
nd is of ﬂake morphology. A dry packed bed of this material was
ig. 3. (a)Showing how the regeneration efﬁciency of the GIC adsorbent varies with reg
fter  regeneration to the initial loading (at cycle 0), and (b) the variation of Acid Violet 17 d
onditions: 1 litre of 100 ppm AV-17 solution; mass of adsorbent = 20 g, current of 1.0 AmFig. 2. Schematics of the electrochemical cell with loaded GIC during the electro-
chemical oxidative treatment.
found to have a conductivity of 0.8 S cm−1. Speciﬁc surface areas
were measured using Tristar 3000 Surface Analyser by Micromer-
itics. An SEM image of the GIC, showing its ﬂake morphology, is
shown in Fig. 1. The catholyte used for the electrochemical regen-
eration was a slightly acidiﬁed 0.3% w/w  sodium chloride solution
made from analytical grades of hydrochloric acid (37% concentra-
tion) and sodium chloride granules (99% purity) supplied by Sigma
Aldrich UK. The catholyte was acidiﬁed to pH of 1.2 by addition of
small amount of HCl to protect the membrane used in the cell. The
adsorbate used in the formulation of the synthetic wastewater was
Acid Violet 17 (AV-17) which is used as a model compound organic
compound for testing the adsorption and electrochemical regen-
eration performance of this process [13]. It was  supplied as a dye
containing 22 wt% AV-17.
2.2. Methodology
Techniques used to measure the surface functional groups of the
GIC include Energy Dispersive X-ray (EDX) spectroscopy, Atten-
uated Total Reﬂectance Fourier Transform Infra-red (ATR-FTIR)
spectroscopy and X-ray Photoelectron spectroscopy (XPS). Tem-
perature programmed desorption (TPD) which is used extensively
to investigate and measure such functionalities on the surface of
most adsorbents could not be used because the GIC would exfoliate
at the temperatures at which TPD analyses are carried out.
Four samples of different durations of electrochemical treat-
ments were investigated: fresh GIC and GIC treated electrochemi-
cally for 30, 45 and 90 minutes at a current density of 14 mA cm−2which had been shown to be optimal for regeneration [14]. The
GIC, mixed with deionised water to keep the bed moist (50% w/w),
was loaded into the anodic chamber of the electrochemical cell. No
electrolyte was added to the bed although it is possible for ions
eneration cycles. Regeneration efﬁciencies are calculated as a ratio of the loading
ye loading on the adsorbent as equilibrium with regeneration cycles. Experimental
p  (14 mA cm−2) and mean cell voltage across all ﬁve cycles = 8.38 +/- 1.23 V.
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cig. 4. BET isotherm graphs for the determination of the speciﬁc surface areas for (a
d)  90 minutes.
o migrate from the catholyte chamber. The cell used comprised a
icroporous polyethylene membrane (Daramic 350) separating a
erforated stainless steel cathode and a mixed oxide-coated tita-
ium dimensionally stable anode. Hydrogen generation from the
eduction of water has been observed at the cathode [14], while
xidation of aqueous chloride ions to chlorine gas is possible on
he mixed oxide-coated titanium anode [15].
Nitrogen was sparged into the cathodic compartment for an
our prior to the treatment to displace any oxygen in the cathode.
rior to sampling the treated adsorbent from the electrochemical
ell, the content was stirred to ensure homogeneity of the samples.
hese samples were dried overnight in an oven at 80 ◦C prior to
nalysis. The samples were analysed for their surface functionali-
ies using the aforementioned techniques. A schematic of the cell
s shown in Fig. 2.
FTIR-ATR spectra were collected using a Spectrum Two Spec-
rometer with attenuated total reﬂectance (ATR), supplied by
erkin Elmer, USA. Interferograms were collected at 4 cm−1 resolu-
ion, and the spectra were recorded between 550 and 4000 cm−1.
XPS spectra were obtained with a Kratos Axis Ultra X-ray photo-
lectron spectrometer using an aluminium/magnesium dual anode
nd a monochromatic aluminium X-ray source, with the source
eing operated at 15 kV and 34 mA.  The survey scans were collected
etween 0 and 1200 eV with pass energy of 20 eV. For the purpose
f calibration, a reference of 284.5 eV was assigned to graphitic
arbon.eated GIC, and electrochemically treated GIC for: (b) 30 minutes, (c) 45 minutes and
An FEI Quanta 200 ESEM/EDX unit was used for elemental anal-
yses of the samples. The samples were loaded into the vacuum
sample chamber individually, and scanned for analyses. The inbuilt
elemental library was  used to identify peaks. A threshold count
limit was set to render and peak with a peak to background ratio
of less than 1.0 as non-quantiﬁable.
Boehm titrations followed the technique invented by Boehm
[16] for determination of phenol, carboxyl and lactone acidic func-
tional groups on the material surfaces. A volume of 50 ml of 0.5 M
solutions of NaOH (prepared from anhydrous 98% supplied by
Sigma Aldrich, UK), NaHCO3 (prepared from 99.9% supplied by BDH
Laboratory Supplies, UK) and Na2CO3 (prepared from 99.9% analyt-
ical reagent grade, supplied by Fison Scientiﬁc) were each mixed
with 1 g of dried samples for 24 hours and 10 ml  aliquots harvested
thereafter to be back titrated with 0.5 M HCl (prepared from 37%
HCl, supplied by Sigma Aldrich, UK). Blank samples of each alkali
solution was  also titrated for parallel reference.
3. Results and Discussions
The surface functionalities on samples of a GIC material sub-
jected to different durations of electrochemical treatment have
been measured using a combination of FTIR, XPS, EDX and Boehm
titration. The results from these analyses are presented and dis-
cussed with the view of producing an understanding of how these
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Fig. 5. Comparison of the particle size distribution of fresh and electrochemically treated (30 minutes, 45 minutes and 90 minutes) GIC. The comparison show little variation
suggesting that the material attrition is a not a prevalent issue during electrochemical treatment.
Table 1
Measured speciﬁc surface areas of fresh and electrochemically treated GIC showing
lack of signiﬁcant variation.
Sample Speciﬁc surface area (m2 g−1)
Untreated 1.06
30 minutes 1.09
f
d
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s
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v45 minutes 1.25
90 minutes 1.22
unctional groups change with the duration of electrochemical oxi-
ation. The possible relationship of the surface chemistry to the
bserved changes in adsorption is also discussed. Fig. 3 shows the
ariation of regeneration efﬁciency and adsorbent loading after a
eries of adsorption/electrochemical regeneration cycles using the
xperimental set-up shown in Fig. 2.
.1. Physical Surface Analyses
The speciﬁc surface areas of fresh and electrochemically treated
amples were measured to ascertain how much of this enhanced
dsorption was due to increased surface area from material attri-
ion. The surface areas varied slightly, but were within the accuracy
f of surface area analyser used. The results of these physical sur-
ace analyses are shown in Table 1 and Fig. 4. The results showed
hat the materials underwent no signiﬁcant size variation as shown
n Fig. 5.
.2. FTIR-ATRThe FTIR spectra for the samples of GIC adsorbent taken
fter a range of durations of electrochemical treatment showed
igniﬁcant differences as shown in Fig. 6. The spectra were decon-
oluted to reveal overlapping peaks using a modiﬁed GaussianFig. 6. FTIR-ATR spectra for fresh (untreated) and electrochemically treated (at var-
ious treatment durations) GIC in the full range of spectra measurement (4000 cm−1
to 550 cm−1).
distribution at 95% ﬁtting accuracy. The relative amount of each
identiﬁed peak is expressed as a percentage of its area relative
to the total area of all peaks, and these are shown in Tables 2,
3 and 4. Two regions of the spectra were of most signiﬁcance:
4000–2500 cm−1 and 2000–1000 cm−1, which contained the peaks
corresponding to the functionalities considered most relevant
to the adsorption behaviour [17,18]. Because the effects being
investigated are as a result of oxidation (anodic electrochemical
oxidation), emphasis was  placed on the oxygen containing func-
tional groups. The wavenumber range 4000 cm−1 to 2500 cm−1region consists of an asymmetric broad band which was analysed
to comprise of a number of peaks, indicating different types of O–H
stretching modes which are very characteristic at these wavenum-
bers [19,17,18]. Four signiﬁcant peaks corresponding to different
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Fig. 7. FTIR-ATR spectra in the region 4000–2500 cm−1 for (a) untreated GIC, and electrochemically treated GIC for: (b) 30 minutes, (c) 45 minutes and (d) 90 minutes. Current
passed  was  1.0 A (14 mA cm−2).
Table 2
Assignments of functional groups to speciﬁc de-convoluted peaks [17,18,20]
Wavenumber
(cm−1)
Assignment
∼1640 Quinone
∼1740 Stretching mode of C=O – lactone and/or ester)
3200 Strong hydrogen bonded O–H between a hydroxyl and a
carbonyl
3400 Hydrogen bonded O–H between hydroxyl groups
3500 Free O–H of carboxylic acids
3600 Free O–H of phenols
Table 3
Area% of deconvoluted peaks from FTIR-ATR spectra in the region 4000–2500 cm−1
for the various samples analysed. Wavenumber assignments are given in Table 2
Sample Hydroxyl/carbonyl Hydroxyl Carboxylic Phenol
Untreated 19.5 23.3 0.8 3.0
f
b
a
4
Table 4
Area% of deconvoluted peaks from FTIR-ATR spectra in the region 2000–1000 cm−1
for the various samples analysed. Wavenumber assignments are given in Table 2
Quinone Lactone/ester
Untreated 0.5 none detected
30 minutes 0.5 0.830  minutes 38.1 1.2 0.5 -
45  minutes 25.6 6.7 0.4 0.8
90  minutes 16.8 6.4 0.7 0.6
unctionalities were identiﬁed at speciﬁc characteristic wavenum-
ers. These peaks are located at wavenumbers between 3600 cm−1
nd 3200 cm−1, and their assignments are shown in Table 2.
Deconvolution of the spectra in the wavenumber range
000–2500 cm−1 is shown in Fig. 7, and estimates of the relative45  minutes 1.2 0.4
90  minutes 0.8 1.0
amounts of these functional groups for the samples are shown in
Table 3
It is reasonable to assume that functional groups that have a
carbonyl group on the surface would be bonded by hydrogen to
form either carboxyls or phenolic hydroxyl group. In all cases there
is a large peak at 3200 cm−1, and in most cases this is the largest
peak. The large peak at this wavenumber suggests that functional
groups with carbonyls linked by hydrogen to phenolic hydroxyls
or carboxyls are present at the surface of the material prior to any
electrochemical treatment. The trend of the relative amounts of
this particular functional group suggests that the initial amount is
increased by the initial electrochemical regeneration. However, an
increase in the duration of the treatment leads to a gradual decrease
in the area percentage, as shown in Table 3. This is in part similar to
the ﬁndings from the work of Nakahara and co-workers on pyrolytic
graphite who concluded an initial increase in the relative amounts
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Fig. 8. FTIR-ATR spectra in the region 2000–1000 cm−1 for (a) untreated GIC, and electrochemically treated GIC for: (b) 30 minutes, (c) 45 minutes and (d) 90 minutes. Current
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tassed  was  1.0 A (14 mA cm−2). The shaded regions represent the functional group(
f this functionality with initial electrochemical treatment, but did
ot observe any signiﬁcant change with further treatment [17,20].
GICs have been shown to exhibit surface chemistry and proper-
ies between graphite and graphite oxides [15] so although parallels
ould be drawn between the oxidative properties of GICs and
raphite, it is not explicit, and this could explain the part similar-
ty with the ﬁndings from Nakahara and co-workers. The peak at
400 cm−1 which was assigned as hydrogen-bonded O–H between
ydroxyl groups is also a large peak for the untreated GIC. It rep-
esents the highest area percentage of these functionalities on the
ntreated surface, which suggests that phenolic hydroxyl groups
re found in close proximity of each other on the untreated surfaces.
owever, there is a signiﬁcant decrease in the area percentage of
his peak upon electrochemical treatment. The peak at 3500 cm−1
hich is assigned to free O–H carboxylic group does not seem to
hange signiﬁcantly while the peak at 3600 cm−1 which represents
he phenolics seems to decrease upon treatment.
The deconvolution of the 1000–2000 cm−1 region for the iden-
iﬁcation of quinones and lactones yielded the results shown in
ig. 8 and Table 4. The results suggest that small amounts of
uinonic groups are present, and there is little change in the relative
mounts of this functionality with electrochemical treatment. No
actonic functionality was detected on the fresh GIC adsorbent, but
mall and increasing amounts were detected after electrochemical
reatmentsidered in the analysis.
3.3. XPS
The XPS analyses are shown in the form of deconvoluted spectra
for the different samples investigated. These spectra, shown in Fig. 9
and Fig. 10 show signiﬁcant variation in the binding energy region
of 524–536 eV and 280–290 eV respectively, and were deconvo-
luted by Gaussian Distribution. O1s (oxygen atom electrons) and
C1s (carbon atom electrons) were measured and analysed for the
functional groups present on the surface of the materials. It has
been suggested that it is more convenient to analyse C1s spectra
since they offer more information about what type of oxygen bond
there may  be with a particular carbon atom; for example whether a
single oxygen atom (as seen in phenols and ethers), a double bond
(as in carbonyls groups), or two  single bonds to oxygen atoms (as in
carboxyl groups and lactones) [7,8,16,21–25]. The deconvolutions
were ﬁtted with a 99% minimum accuracy and the relative amount
(area %) of each peak estimated. The results of these deconvolutions
are shown in Table 6 and Table 7.
The assignment of the binding energies to the various functional
groups is show in Table 5, and Tables 6 and 7 give a summary
of the relative amounts of the functional groups detected on the
surfaces of the samples. They show an increase increase in acidic
functionality with treatment duration.
The XPS results show an almost identical inverse change
between the hydroxyl groups and carboxylic groups - the onset
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Table 6
Area% of deconvoluted O1s spectra for surface composition of untreated (fresh) and
electrochemically treated GIC samples
Sample Quinone Hydroxyl or ether Carboxylics Chemisorbed oxygen
Fresh 18.1 64.3 13.7 3.9
30  minutes 21.1 28.8 38.6 11.4
45  minutes 18.4 12.8 56.1 12.8Fig. 9. : XPS O1s spectra for (a) untreated GIC, and electrochemic
f and subsequent electrochemical treatment causes the relative
mounts of hydroxyl groups on the surface of the samples to
ecrease at almost the same rate as the increase in the relative
ncrease of carboxylic groups. There is thus reason to suspect
hat electrochemical treatment may  be initiating the conversion
f hydroxyl groups into carboxylic groups. The relative amount of
uinones appears not change signiﬁcantly. As a result, the overall
ncrease in acidity on the surface of the GIC appears to increase
ith electrochemical treatment, giving that carboxylics represent
he strongest acidic group.
able 5
ssignments of functional groups to speciﬁc XPS de-convoluted peaks
O1s C1s
B. E. (eV) Functional
group
B. E. (eV) Functional
group
530.4–530.8 Quinone 284.5–285.0 Graphitic
carbon
532.1–533.3 Hydroxyl
and/or ester
285.4–286.0 Hydroxyl in
ester
533.3–535.0 Carboxyl 287.0–287.5 Carbonyl
and/or quinone
535.2–536.2 Chemisorbed
H2O and/or O2
90  minutes 23.6 8.6 67.8 none detected
Table 7
Area% of deconvoluted C1s spectra for surface composition of untreated (fresh) and
electrochemically treated GIC samples
Sample Graphitic Carbon Hydroxyl Carbonyl
Fresh 46.3 48.7 5.0
30  minutes 67.7 25.0 7.3
45  minutes 43.9 49.9 7.1
90  minutes 40.9 53.0 6.1
3.4. EDXA comparison between samples shows trends of the effect of
the treatment on the elemental content of the samples. Emphasis
was placed on the relative amounts of carbon and oxygen atoms
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eig. 10. XPS C1s spectra for (a) untreated GIC, and GIC treated for (b) 30 minutes, 
Graphitic carbon), Peak 2 (hydroxyl group) and Peak 3 (carbonyl group).
or the purpose of studying the effects of the electrochemical oxi-
ation. An advantage of the EDX technique is that it is possible to
arry out the analysis at different locations on the surface of the GIC
articles, with a resolution of around 1 m.  Thus the composition
btained on the ﬂat surface of the GIC ﬂakes (corresponding to the
raphite basal planes) can be compared with that obtained at the
ig. 11. Elemental analysis on the ﬂat surface (a), corresponding to the graphite basal p
lectrochemical treatment duration. minutes and (d) 90 minutes. These were deconvoluted to identify 3 peaks: Peak 1
broken edges. The results of the EDX analysis (Fig. 11) show a trend
of positive correlation between the treatment time and oxygen con-
tent at the edges of the ﬂakes, whereas the results from the basal
plane measurements seem to suggest either no signiﬁcant change
in the oxygen and carbon content (when 45 minutes is treated as
an outlier), or no consistent trend.
lane, and the edges (b) of the GIC ﬂakes, obtained by EDAX, as a function of the
576 K. Nkrumah-Amoako et al. / Electrochimica Acta 135 (2014) 568–577
F  adsorbent with electrochemical treatment duration, measured using Boehm titration.
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Table 8
Relative amounts of the acidic groups detected on the surface of the GIC samples by
Boehm titrations
Sample Phenol(%) Carboxyl (%) Lactone (%)
Fresh 0.9 53.9 45.2
30  minutes 7.2 57.9 34.9ig. 12. Variation in the concentrations of acidic surface functional groups on a GIC
This ﬁnding is of particular interest because it supports the
ypothesis that the majority of the functionality of the material
ies at the broken edges of the graphite. This has been reported by
arious authors including Nakahara and co-workers [17,20] whose
ork on studying the structural changes of an electrochemically
xidised pyrolytic graphite surface showed that the ratio of oxygen
o carbon at the surface increased more signiﬁcantly at the edges
han at the basal planes [17].
Parallels could be drawn between the increase in oxygen at the
dges of the GIC particles (locality of the majority of the function-
lity) to the relative change in hydroxyl and carboxylic groups.
s shown in Table 6, there is evidence to suggest that the elec-
rochemical treatment could be causing a conversion of hydroxyl
roups into carboxylic groups, and this is supported by the EDX
rend of increased oxygen at the functionalised sites with treat-
ent. Carboxylics comprise of an carbonyl group and a hydroxyl
roup, which implies it contains more oxygen atoms than found
n the hydroxyl groups. The increase in oxygen atoms from the
DX results could justify the conversion of hydroxyl to carboxylic
roups.
.5. Boehm Titrations
Boehm Titrations, as proposed by Boehm et al. [16] were used
o quantify the relative amounts of weak phenolic acids (charac-
erised by high pKa), moderate strength acid and lactone fraction
low pKa phenols and hydrolysed lactones) and carboxylic (strong
cid fraction) functional groups on the surfaces of the samples of
IC investigated [26]. It is worth noting that although this tech-
ique allows qualitative analysis of the surface acidic groups, it is
imited to the detection of the acidic groups.
Fig. 12 shows the results from these titrations, and the results
how an increase in the acidic groups between the fresh GIC sam-
les and the treated sample at 30 minutes. Subsequent treatments
aused the acidic groups to decrease. The results show that the
east prominent of the acidic groups on the surface was the pheno-
ic groups. The amounts of all of these acidic groups were observed
o increase after 30 minutes of electrochemical treatment, and sub-
equently decreased when the treatment duration was increased
eyond 30 minutes. The carboxylic groups were found to be the
ost prominent of the acidic groups detected on the surface. The45  minutes 2.0 58.6 39.4
90  minutes 2.9 55.1 42.0
relative amounts of these groups on the the samples tested are
shown in Table 8.
The total acidity (acidic functional groups and lactones) mea-
sured on the surface of the untreated materials was  4.9 mmol g−1
which increased signiﬁcantly to 7.2 mmol  g−1 after being electro-
chemically treated for 30 minutes. Eventually, after 90 minutes of
treatment, the total acidic content had dropped signiﬁcantly to
2.4 mmol  g−1.
4. Conclusion
GICs have been observed to have regeneration efﬁciencies after
electrochemical treatment in excess of 100% which indicates an
enhanced adsorption capacity post regeneration. This enhance-
ment in adsorption increases with initial regeneration cycles, and
then gradually starts to decrease. It is probable that changes in
the surface chemistry which occur during electrochemical regen-
eration are altering the adsorption characteristics of the GIC. It is
widely accepted that acidic oxygen containing functional groups
lead to enhanced adsorption due to the formation of active sites
for adsorption upon decomposition of these groups during electro-
chemical treatment [9,27].
A number of surface characterisation techniques have been used
to estimate the changes to surface chemistry of GICs when electro-
chemically regenerated. An attempt has been made in this work to
relate such changes to the trends observed concerning enhanced
adsorptive properties of the materials post electrochemical regen-
eration. Electrochemical treatment of GICs was found to introduce
acidic quinone and carboxylic functional groups on to the sur-
face which may  explain the increased enhancement of adsorption.
Increased duration of treatment led to the decrease in amounts
of acidic functional groups and lactones on the surface of the
trochi
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aterials which caused a net reduction in the total amount of acidic
unctional groups on the surface.
XPS results showed unequivocally that the effects of enhanced
dsorption capacity of the GIC was as a result of the surface
hemistry changes resulting from the electrochemical treatment
f the material. EDX measurements showed a direct proportion-
lity between the oxygen content on the broken edges of the
aterial and electrochemical treatment times. Boehm titrations
uggested an initial increase in acidic functional groups, followed
y a decline with increased treatment. XPS and FTIR results sug-
ested a similar trend in addition to an increase in basic functional
roups. The initial increase in acidic functional groups on the
urface can be interpreted as increased chance for acidic func-
ional groups to decompose into more active sites. With increased
uration of treatment, the amount of acidic functional groups
ecreased, thus decreasing the probability of the formation of more
ctive sites vis the decomposition mechanism. The latter decline
n performance could be linked to the diminishing net amount of
hese acidic oxygen containing functional groups as a result of the
ormation of basic oxygen containing functional groups like lac-
ones. Consequently, this ‘enhanced performance’ begins to wear
ff, as observed. The observed changes in the amounts of func-
ional groups may  thus explain the increase in adsorption capacity
bserved during the ﬁrst few cycles of electrochemical regen-
ration when there were more acidic functional groups formed.
e can therefore conclude that the changes in the absorption
ehaviour of GIC by electrochemical regeneration is consistent with
he observed changes in the relative amounts of acidic and basic
roups.
This work involved electrochemical treatment of unloaded GIC
dsorbent, but it is expected that the surface functionality changes
ould be affected if the adsorbents were loaded with organic adsor-
ates, as is the case during electrochemical regeneration.
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